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Open access under the ElLutzomyia longipalpis is the principal species of phlebotomine incriminated as vector of Leishmania infan-
tum, the etiological agent of visceral leishmaniasis in the Americas. Despite its importance as vector,
almost nothing related to the larval biology, especially about its digestive system has been published.
The objective of the present study was to obtain an overview of carbohydrate digestion by the larvae.
Taking in account that phlebotomine larvae live in the soil rich in decaying materials and microorganisms
we searched principally for enzymes capable to hydrolyze carbohydrates present in this kind of substrate.
The principal carbohydrases encountered in the midgut were partially characterized. One of them is a a-
amylase present in the anterior midgut. It is probably involved with the digestion of glycogen, the reserve
carbohydrate of fungi. Two other especially active enzymes were present in the posterior midgut, a mem-
brane bound a-glucosidase and a membrane bound trehalase. The ﬁrst, complete the digestion of glyco-
gen and the other probably acts in the digestion of trehalose, a carbohydrate usually encountered in
microorganisms undergoing hydric stress. In a screening done with the use of p-nitrophenyl-derived sub-
strates other less active enzymes were also observed in the midgut. A general view of carbohydrate diges-
tion in L. longipalpis was presented. Our results indicate that soil microorganisms appear to be the main
source of nutrients for the larvae.
 2012 Elsevier Ltd. Open access under the Elsevier OA license. 1. Introduction the main source of nutrients for the larvae in nature. Indeed, larvaeLutzomyia longipalpis is the principal species of phlebotomine
sand ﬂy incriminated as vector of Leishmania infantum, the etiolog-
ical agent of visceral leishmaniasis in the Americas. Females depos-
it their eggs on the soil in microhabitats containing organic
detritus of vegetal origin (Ferro et al., 1997), where the larvae de-
velop by continuously ingesting portions of such soil, rich in bacte-
ria, fungi and molecules such as peptides and amino acids derived
from dead microorganisms. In fact, the decay of organic molecules
derived from dead microorganisms can be avoided by adsorption
to soil particles (Martin and Haider, 1986; Andert et al., 2008).
Probably, these adsorbed nutrients become available to the larvae
after dissociation from the soil particles inside the midgut lumen.
The alkaline environment encountered in the anterior midgut
may be involved in the dissociation of the nutrients. Although
there is no deﬁnitive proof concerning this subject, microorgan-
isms and the organic molecules derived from them appear to begia de Insetos Hematófagos,
ntônio Carlos 6627, Campus
erais, Brazil. Tel.: +55 (31)
sevier OA license. of L. longipalpis ingest fungi and bacteria under laboratory condi-
tions and present an enzyme proﬁle consistent with the digestion
of microorganisms. It was observed the presence of a b-1,3-glucan-
ase which might be involved in the digestion of fungal cell wall
(Moraes et al., 2012).
Despite the importance of phlebotomine sand ﬂies as vectors,
little has been published concerning the physiology of their larval
digestive system. Only three studies have been published to date
(Mahmood and Borovsky, 1992; Fazito do Vale et al., 2007; Moraes
et al., 2012). In one of these studies, we described, for the ﬁrst time,
the anatomy of the digestive tube of L. longipalpis larvae and deter-
mined the pH along the midgut (Fazito do Vale et al., 2007). In
addition, we investigated how proteins are digested from the
beginning of this process in the alkaline anterior midgut
(pHP 9.0) to its end in the acidic posterior midgut (pHP 6.5)
(Fazito do Vale et al., 2007).
The aim of the present study was to study carbohydrate diges-
tion by L. longipalpis larvae. The main glycolytic activities were
identiﬁed and partially characterized. Special attention was given
to the compartmentalization of the main carbohydrases found to
provide an overview of the different stages of digestion. Taking into
account the hydrolytic activities encountered in the larval intestine
and the material ingested by the larvae, we offer a discussion about
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larvae in nature.2. Materials and methods
2.1. Insects
All experiments were performed using fourth instar larvae from
a colony of L. longipalpis (Teresina/Piauí state, Brazil) maintained
according to the methodology described by Modi and Tesh
(1983). The standard larval diet was that proposed by Young et al.
(1981). The food offered to the larvae (from the second to the fourth
instars) was supplementedwith amixture of powdered cereals pre-
pared with grains of wheat, barley and oats (Neston from Nestle).
In this case, care was necessary to avoid excessive growth of fungi.
2.2. Assays related to the amylolytic activity
2.2.1. Optimum pH determination
Homogenates of the total midgut were prepared by dissecting
the larvae in 0.9% (w/v) NaCl. The dissected midguts were washed
in 300 mM NaCl containing 0.03 mM CaCl2 and transferred to the
same solution in a micro centrifuge tube to be homogenized with
an abrasive micro homogenizer made of glass. At least 15 midguts
were pooled for each sample preparation. All material was stored
in an ice bath during the procedures. The supernatant obtained
after centrifugation for 10 min at 14,000g at 4 C was used in
the experiments.
The assays were performed by mixing 100 lL of 1.5% (w/v)
starch (Sigma No. S9765), glycogen (Sigma No. G8751) or dextran
(Sigma No. D1662) (each dissolved in water) in a micro centrifuge
tube with 150 lL of 0.1 M buffer. The reaction was started by add-
ing 50 lL of the sample. Each 50 lL aliquot of sample contained the
equivalent of 1 midgut. This incubation mixture, comprising a ﬁnal
volume of 300 lL, was incubated at 30 C for 1 h. The reducing
carbohydrates released from the substrate by the action of the
amylase were quantiﬁed using the dinitrosalicylic acid method
(Miller, 1959). After the incubation, 500 lL of the dinitrosalicylic
reagent (DNS reagent) was added to the tubes, which were then
heated in boiling water for 10 min. Next, 750 lL of distilled water
was added, and the absorbance was measured at 540 nm in 1 mL
cuvettes. The composition of the DNS reagent was 1% (w/v) 3,5-
dinitrosalicylic acid (Sigma code D-0550), 0.4 M NaOH and 30%
(w/v) sodium tartrate. The buffers utilized were 0.1 M MES/NaOH
(pH 6.0, 6.5 or 7.0); 0.1 M HEPES/NaOH (pH 7.5, 8.0 or 8.5) and
0.1 M boric acid/NaOH (pH 9.0, 9.5 or 10.0). The blanks were pre-
pared with 50 lL of 300 mM NaCl instead of samples containing
enzymes. For calculations, a standard curve was obtained with
different quantities of maltose dissolved in 300 lL of water and
the reactions using the DNS reagent were developed according
the method above described.
2.2.2. Localization of the amylolytic activity along the midgut
The L. longipalpis larvae were dissected as explained in Sec-
tion 2.2.1, and the gut was divided into 3 parts (anterior midgut,
posterior midgut and hindgut). Each part was processed and
assayed using the dinitrosalicylic acid method described above at
pH 8.5 and using starch or glycogen as substrates. In this case, a
pool of 5 midguts was used to prepare the samples.
2.2.3. Characterization of enzymes from the midgut as soluble or
midgut-associated molecules (adapted from Gontijo et al., 1998)
To obtain soluble enzymes, 5 midguts were dissected in 0.9% (w/
v) NaCl and individually transferred to 10 lL of 300 mM NaCl
containing 0.03 mM CaCl2. Each midgut was then longitudinallyopened with needles to release the luminal content. Then, the solu-
tion containing the luminal content was pipetted and transferred to
a micro centrifuge tube. The volume of the tube was adjusted to
125 lL with a NaCl/CaCl2 solution, and an additional volume of
125 lL of the same solution, containing 2% (v/v) Triton X-100, was
added to the sample. The resulting mixture was centrifuged for
10 min (14,000g at 4 C), and the supernatant was collected for
use in the assays. Fifty microliters of this sample contained the
equivalent of one midgut.
To obtain enzymes linked to the gut wall, 5 midguts were sep-
arated from their content using the method described above,
washed in 300 mM NaCl containing 0.03 mM CaCl2 and transferred
to a tube containing 250 lL of the same solution containing 1% (v/
v) Triton X-100. This mixture was not homogenized with a micro
homogenizer, but the detergent solution came in contact with
the luminal surface to release the enzymes. After this treatment,
the sample was centrifuged under the same conditions described
above, and the supernatant was collected for use in assays. The as-
says were performed using the dinitrosalicylic acid method de-
scribed in Section 2.2.1 at pH 8.5. The controls were prepared
with 50 lL of 300 mM NaCl containing 0.03 mM CaCl2 and 1% (v/
v) Triton X-100.
2.2.4. Activation by chloride ions
To investigate the inﬂuence of chloride ions, 10 total midguts
were dissected in 0.9% (w/v) NaCl, quickly washed in distilled water
and transferred to a micro centrifuge tube containing 250 lL of
water (1 midgut equivalent in 25 lL). The samples were homoge-
nized using an abrasive micro-homogenizer made of glass and cen-
trifuged at 4 C for 10 min at 14,000g. The assays were performed
by mixing 100 lL of a 1.5% (w/v) aqueous starch solution with
150 lL of 0.1 M HEPES/NaOH (pH 8.5) and 25 lL of NaCl solution
(6 mM–1.2 M) in a micro centrifuge tube. The reactions were initi-
ated by the addition of 25 lL of the midgut homogenate to the
tubes, and the mixtures were then incubated at 30 C for 2 h. The
reducing carbohydrates released from the substrate by the action
of the amylase were quantiﬁed using the dinitrosalicylic acid meth-
od, as described in Section 2.2.1. The blanks were prepared with the
same NaCl concentrations and with water instead of samples. The
assays in the absence of Cl were performed separately using a
similar protocol. The dissociation constant of the Cl ion from the
amylase was calculated using GRAFIT (Erithacus Software, version
7.0), assuming the enzyme was saturated with the substrate.
2.2.5. Inﬂuence of calcium ions
To investigate the inﬂuence of calcium ions, 10 total midguts
were dissected in 0.9% (w/v) NaCl and transferred to 250 lL of
600 mM NaCl. The samples were homogenized using an abrasive
micro-homogenizer made of glass and then centrifuged at 4 C for
10 min at 14,000g. The supernatant containing the equivalent of
1 midgut (25 lL) was used in the assays. The assays where per-
formed mixing 100 lL of a 1.5% (w/v) aqueous starch solution,
150 lL of 0.1 M HEPES/NaOH (pH 8.5) and 25 lL of different CaCl2
solutions (concentrations varying from zero to 96 mM) in a micro
centrifuge tube. The reaction was started by the addition of 25 lL
of the sample, and the tubes were incubated at 30 C for 1 h. The
reducing carbohydrates released from the substrate were quanti-
ﬁed using the dinitrosalicylic acid method, as described in
Section 2.2.1. The blanks were prepared with the same CaCl2
concentrations and with water in the place of sample.
2.2.6. Characterization of the starch cleavage products using TLC
(adapted from Kennedy and Pagliuca, 1994) and processivity
evaluation
The midgut sample containing amylase was obtained by
homogenizing 5 total midguts in 50 lL of 200 mM NaCl. After
1316 V.F. Vale et al. / Journal of Insect Physiology 58 (2012) 1314–1324centrifugation at 14,000g at 4 C for 10 min, the supernatant was
used for the starch hydrolysis assay. The starch hydrolysis was as-
sayed by mixing 100 lL of a 4.5% (w/v) aqueous starch solution
with 150 lL of 0.1 M HEPES/NaOH buffer (pH 8.5) and 50 lL of a
sample containing the equivalent of 5 midguts in a micro centri-
fuge tube. The mixture was incubated at 30 C for 6 h. Throughout
the incubation time, 20 lL aliquots were collected at 0, 1.5, 3 and
6 h and transferred to another tube in which the action of the amy-
lase on starch was inactivated by immersion in boiling water for
2 min. All three samples were centrifuged (14,000g, 10 min),
and 15 lL from each aliquot was applied to a silica gel plate (Fluka
99903). The chromatography was performed using a mixture of
butanol, ethanol and water (5:3:2, v/v/v). The spots corresponding
to the products of starch hydrolysis were developed via aspersion
of an ethanol/sulfuric acid mixture (9:1) and heating at 100 C in
an oven.
The processivity of the a-amylase-starch complex was evalu-
ated according to the method of Robyt and French (1967) and Brag-
atto et al. (2010) with modiﬁcations. Ten total midguts were
dissected and homogenized in 0.9% saline (w/v). After centrifuga-
tion at 14,000g for 10 min at 4 C, the supernatant was used for
the assays. The assays were performed by mixing 10 lL of a sample
containing 0.5 midgut equivalents with 30 lL of 0.1 M HEPES buf-
fer containing 20 mM NaCl and 20 lL of 4.5% starch. After incuba-
tion for 1 h, the reaction was stopped in boiling water (2 min).
Ethanol (1140 lL) was added to each tube, and the mixture was
incubated at 20 C for 1 h. The precipitated material was sepa-
rated from the soluble material by centrifugation (14,000g for
10 min), and the supernatant containing the soluble material was
transferred to other tubes. All of the materials were completely
dried in an evaporator centrifuge at 76 C, and the reducing carbo-
hydrates were evaluated using the DNS method, as described in
Section 2.2.1, after solubilization with 300 lL of distilled water
(sonication was used when necessary). The processivity was calcu-
lated from the ratio between the absorbance measured for the low-
molecular-mass carbohydrates (which are soluble in ethanol) and
that measured for the higher molecular-mass carbohydrates
(which are insoluble in ethanol).
2.2.7. Kinetics of starch and glycogen digestion
A plot of reducing sugars versus time was constructed using
data obtained by incubating starch with the total midgut homoge-
nate containing the intestinal amylase. The incubations were per-
formed by mixing 100 lL of a 1.5% (w/v) aqueous starch solution
with 150 lL of 0.1 M HEPES/NaOH buffer (pH 8.5) and 50 lL of a
sample containing the equivalent of 1 midgut in a centrifuge tube.
The NaCl concentration in the ﬁnal mixture was 50 mM. The assays
were performed by incubating the sample with starch (or glyco-
gen) for 10, 20, 30, 40 and 60 min at 30 C. The reducing carbohy-
drates released from the substrate were quantiﬁed using the
dinitrosalicylic acid method as described (Section 2.2.1). The
blanks were prepared by substituting the sample with distilled
water.
2.2.8. Determining the origin of the amylolytic activity observed in the
larval midgut
The activity of the a-amylases extracted from the mycelia of the
fungi collected from the larval rearing pots was measured at pH 6.5
and 8.5. This extract was prepared by homogenization of 4 mg of
mycelium in 200 lL of aqueous 1% Triton-X100 followed by soni-
cation for 1 min. The homogenate was centrifuged for 10 min at
4 C. The supernatant was collected and used in the assays. The as-
says were performed by mixing 100 lL of 1.5% (w/v) starch (Sigma
n S9765) (dissolved in water) with 150 lL of 0.1 M buffer (MES/
NaOH, pH 6.5, or HEPES/NaOH, pH 8.5) containing 0.1 M NaCl in
a micro centrifuge tube. The reaction was started by the additionof 50 lL of the sample. This mixture was incubated at 30 C for
1 h. The reducing carbohydrates released from the substrate by
the action of the amylase were quantiﬁed using the DNS method,
as described in Section 2.2.1.
The supernatant of the extract prepared from 10 larval midguts
in 500 lL of a 0.9% (w/v) saline solution containing 1% Triton-X100
was also assayed using a similar protocol. The activities measured
in samples from the fungi were compared with that measured in
samples from the larvae.
2.3. Assays related to other glycosidase activities
2.3.1. General screening for the presence of glycosidase activities using
p-nitrophenyl-derived substrates
Thepresence of different glycosidases in themidgut of L. longipal-
pis larvaewas investigated using 16 synthetic substrates (purchased
from Sigma): p-Np-a-D-glucopyranoside, p-Np-b-D-glucopyrano-
side, p-Np-a-D-mannopyranoside, p-Np-b-D-mannopyranoside,
p-Np-a-D-galactopyranoside, p-Np-b-D-galactopyranoside, p-Np-
N-acetyl-a-D-glucosaminide, p-Np-N-acetyl-b-D-galactosaminide,
p-Np-a-L-fucopyranoside, p-Np-b-L-fucopyranoside, p-Np-b-D-
fucopyranoside, p-Np-a-D-xylopyranoside, p-Np-b-D-xylopyrano-
side, p-Np-a-L-arabinopyranoside, p-Np-b-L-arabinopyranoside,
p-Np-b-D-glucuronide. The sampleswere prepared from10midguts
thatwere dissected in 0.9% (w/v) NaCl. Themidgut contentwas sep-
arated from the midgut wall in a drop of saline and transferred to a
micro centrifuge tube. The ﬁnal volume was adjusted to 1 mL with
0.9% (w/v)NaCl. Themidgutwallswerewashedwith0.9% (w/v)NaCl
and transferred to 1 mL of 0.9% (w/v) NaCl containing 1% (v/v) Triton
X-100 for homogenization. The treatment with Triton X-100 was
performed to release the enzyme molecules from the midgut cells.
After centrifugation (14,000g, 10 min, 4 C), both samples (soluble
and midgut wall extract) were used in the assays. The assays were
performed by mixing 50 lL of 4 mM substrate dissolved in water,
40 lL of 0.1 M buffer (MES/NaOH, pH 6, or HEPES/NaOH, pH 8.5)
and 10 lL of sample (equivalent to 0.1 midguts), soluble or midgut
wall extract, in a micro centrifuge tube. The blanks were prepared
by substituting the samples with saline. The incubations were
performed for 2 h at 30 C, and the reactions were stopped by the
addition of 200 lL of 0.375 M glycine buffer, pH 10.5. Two hundred
microliters from each tube was transferred to a micro plate, and the
absorptionwasmeasured using amicro plate reader at 400 nm. The
quantity of p-nitrophenol released during the enzymatic reactions
was calculated considering that the measured absorbance of
200 lL of a 1 M p-nitrophenol solution dissolved in 0.375 M glycine
bufferatpH10.5andread inamicroplate readerat400 nmis10.347.
2.3.2. Assays of glycosidase activity using natural substrates (maltose,
trehalose and sucrose)
Twenty-ﬁve midguts were homogenized in 625 lL of 0.9% (w/v)
NaCl containing 1% (v/v) Triton X-100. After centrifugation at
14,000g at 4 C for 10 min, 25 lL of the sample containing the
equivalent of 2 midguts was mixed with 125 lL of 0.1 M buffer
and 50 lL of 200 mM maltose, trehalose, sucrose or isomaltose
(aqueous solution). The assays with trehalose were performed
using the equivalent of 1 intestine; this amount was necessary
because the activity toward trehalose was especially high. The
mixtures were incubated for 2 h at 30 C. The reactions were
stopped by incubation of the tubes in boiling water for 2 min.
Ten microliters of each incubation mixture was transferred to
other tubes and mixed with 1 mL of a reaction solution from a
commercial kit of an enzymatic dosage of glucose (PAP Glucose -
Liquiform LABTEST: code 84–1/500, Brazil) based on the glucose
oxidase–peroxidase method. The tubes were incubated at 37 C
for 15 min, and the absorption at 505 nm was measured in a cuv-
ette. The following buffers were used in the assays: 0.1 M acetic
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and 0.1 M HEPES/NaOH (pH 7.5, 8.0 or 8.5). The blanks were pre-
pared using heat-inactivated samples (2 min in boiling water). Iso-
maltose was assayed at pH 6.5 using this protocol. For calculations,
a standard curve was obtained with different quantities of glucose
dissolved in 10 lL of water and reacted with 1 mL of PAP reagent
according the method above described.
2.3.3. Localization of a-D-glucosidase and trehalase in the midgut
Five insects were dissected in 0.9% (w/v) NaCl. Each intestine
was cut into four pieces (anterior midgut, middle midgut, posterior
midgut and hindgut), which were transferred to four different mi-
cro centrifuge tubes containing 500 lL of 0.9% (w/v) NaCl and 1%
(v/v) Triton X-100. After homogenization, the tubes were centri-
fuged at 14,000g for 10 min at 4 C, and the supernatant was used
in the assays. Maltose or trehalose were used as substrates and as-
sayed as described in Section 2.3.2 at pH 6.5 and pH 6.0,
respectively.
2.3.4. Determination of a-D-glucosidase and trehalase as
midgut-associated molecules
The samples were prepared as described in Section 2.2.3 and as-
sayed using maltose (pH 6.5) or trehalose (pH 6.0) as substrates
according the methodology described in Section 2.3.2.
2.3.5. Determination of a-D-glucosidase, trehalase and N-acetyl-b-
D-hexosaminidase as membrane-bound enzymes
To investigate whether the enzymes are bound to intestinal
microvilli, the larval microvilli were puriﬁed according to the
method of Abdul-Rauf and Ellar (1999). Sixty larvae were dissected
in 0.9% saline (w/v), the luminal content was discarded, and the
midgut walls were washed and transferred to 40 lL of an ice-cold
MET solution (300 mM mannitol, 5 mM EGTA, 17 mM TRIS-base/
HCl, pH 7.5) in a micro centrifuge tube. The midguts were manually
homogenized with an abrasive glass microhomogenizer for 15 min
in an ice bath, and the volume was brought to 100 lL with the
same solution. One hundred microliters of ice-cold 24 mM MgCl2
was added to this preparation and the tube content was mixed
and separated into two aliquots of 100 lL each. After 20 min on
ice, one of the aliquots was centrifuged at 2500g for 15 min at
4 C. The supernatant was collected in another tube, and the pellet
was rehomogenized in 100 lL of a fresh ice-cold MET/MgCl2 (1:1)
solution and centrifuged. After repeating this procedure three
times, the supernatants were mixed and centrifuged at 25,000g
for 30 min at 4 C. The pellet, enriched with microvillosites, was
dissolved in 100 lL of MET/MgCl2 (1:1) containing 1% Triton
X-100 (v/v). Triton X-100 was also added to the non-centrifuged
aliquot to a ﬁnal concentration of 1% (v/v) and mixed. Both the
centrifuged and non-centrifuged aliquots were centrifuged at
14,000g, and the supernatants were used for the assays. The
a-glucosidase was assayed in the two aliquots at pH 6 using
p-Np-a-D-glucopyranoside (sample of 1 lL) and maltose (sample
of 25 lL) as substrates according to the protocols described in
Sections 2.3.1 and 2.3.2, respectively. The trehalase was assayed
in the two aliquots at pH 6 using trehalose as substrate and a sam-
ple of 25 lL according to the protocol described in Section 2.3.2.
The N-acetyl-b-D-hexosaminidase was assayed in the two aliquots
at pH 6 using p-Np-N-acetyl-b-D-glucosaminide as substrate and a
sample of 10 lL according to the protocol described in
Section 2.3.1.
2.3.6. Determination of the optimum pH of a-D-glucosidase using p-
Np-a-D-glucopyranoside as substrate
Five total midguts were homogenized in 500 lL of 0.9% (w/v)
NaCl containing 1% (v/v) Triton X-100. After centrifugation at
14,000g at 4 C for 10 min, the supernatant was used for assays.The assays were performed by mixing 50 lL of 12 mM p-Np-a-D-
glucopyranoside, 40 lL of 0.1 M buffer (acetate/NaOH, pH 4.5, 5.0
and 5.5; MES/NaOH, pH 6.0, 6.5 and 7.0; HEPES/NaOH, pH 7.5,
8.0 and 8.5), and 10 lL of a sample containing the equivalent of
0.1 midgut in a micro centrifuge tube. The incubations were per-
formed for 1 h at 30 C, and the reactions were stopped by the
addition of 1 mL of 0.375 M glycine/NaOH buffer (pH 10.5). The
absorption of the samples was measured in a 1 mL cuvette using
a spectrophotometer at 400 nm. The blanks were prepared by the
addition of glycine buffer before the incubation.
2.3.7. Inﬂuence of Tris on the a-glucosidase activity
The midgut extract obtained from 10 insects was prepared by
homogenizing the midguts in 250 lL of 0.9% (w/v) saline contain-
ing 1% (v/v) Triton X-100. After homogenization and centrifugation
at 14,000g at 4 C for 10 min, the supernatant was used for as-
says. The assays were performed by mixing 50 lL of 200 mMmalt-
ose, 125 lL of 0.1 M MES buffer (the pH of the buffer was adjusted
to 7 using Tris-base powder to a ﬁnal concentration of 60 mM), and
25 lL of a sample containing the equivalent of 1 midgut in a micro
centrifuge tube. The samples were incubated for 2 h at 30 C, and
reactions were stopped by incubation for 2 min in a boiling water
bath. A 10 lL aliquot of the material was mixed with 1000 lL of
the PAP reagent. The incubation and absorbance measurements
were performed as described in Section 2.3.2. The blank was pre-
pared using 0.9% (w/v) saline instead of the sample. Two indepen-
dent experiments were performed in duplicate.
2.3.8. Hydrolysis of carboxymethylcellulose
The midgut extract obtained from 5 insects was prepared by
homogenizing the midguts in 250 lL of distilled water. After cen-
trifugation at 14,000g and 4 C for 10 min, the supernatant was
used for assays. The assays were performed by mixing 50 lL of
sample, 100 lL of 1.5% (w/v) carboxymethylcellulose dissolved in
water and 150 lL of 0.1 M buffer (MES/NaOH, pH 7.0; HEPES/
NaOH, pH 8.5; or boric acid/NaOH, pH 9.0) in a micro centrifuge
tube. The samples were incubated for 3 h at 30 C. The reducing
carbohydrates released from the substrate were quantiﬁed using
the dinitrosalicylic acid method, as described above (Section 2.2.1).
The blanks were prepared using water instead of sample.
2.4. Determination of molecular mass using gel ﬁltration
chromatography and SDS–PAGE
The midgut extract obtained from 40 larvae was prepared in
20 mM HEPES buffer, pH 8.5, containing 200 mM NaCl and 1% (v/
v) Triton X-100 and chromatographed using an HPLC system
equipped with a Discovery BIO GFC-150 column constituted by a
matrix of silica equilibrated in the same buffer. The activities of
the a-amylase and a-glucosidase were assayed using starch and
p-Np-a-D-glucopyranoside as substrates, respectively (Sections
2.2.1 and 2.3.1). The column was calibrated with BSA (66 kDa),
carbonic anhydrase (29 kDa) and cytochrome c (12.4 kDa).
The molecular mass of the a-amylase was also evaluated using
SDS–PAGE. Twenty midguts were homogenized in 20 lL of 0.9%
(w/v) saline and centrifuged at 14,000g for 10 min at 4 C. The
supernatant was mixed with 20 lL of the sample buffer (2 X con-
centrated, without mercaptoethanol) and was not heated. Pre-
stained proteins were used as molecular mass standards (Thermo
Scientiﬁc code 26612). The electrophoresis was performed in a
polyacrylamide gel (10%) at room temperature and a constant volt-
age of 100 V according to the method of Laemmli (1970). Following
the electrophoresis, the gel was washed in an aqueous solution of
2.5% (v/v) Triton X-100 for 1 h at room temperature and placed un-
der a second gel that was copolymerized with 0.5% soluble starch
and 0.05 M HEPES buffer pH 8.5 containing 20 mM NaCl. The gels
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paper that were previously soaked in buffer. After incubation at
30 C for 12 h, the bands were revealed by treatment with Lugol
(0.5% I2 and 1% KI).
2.5. Total protein concentration measurements and enzymatic activity
deﬁnition
The determination of the protein concentration was achieved
by the BCA methodology (BCA Protein Assay – Pierce) (Stoscheck,
1990).
One unit (U) of enzyme activity was deﬁned as the amount of
enzyme capable of producing 1 lmol of product.min1 under the
assay conditions.pH
Fig. 2. pH versus amylolytic/glycogenolytic activity of the total midgut homoge-
nate. The total homogenate was incubated with 0.5% starch or 0.5% glycogen in the
presence of 50 mM NaCl in different pHs. The reduction products generated by
starch hydrolysis were assayed using the dinitrosalicylic acid method (Sec-
tion 2.2.1). The experiment was performed in triplicate and repeated independently
at least three times. The graphics represent the mean of the three experiments.3. Results
A photograph of the digestive tube of the L. longipalpis fourth in-
star larvae is presented in Fig. 1. According to our results, the amy-
lolytic activity is maximal at pH 8.5 (Fig. 2) and can be observed
throughout the midgut; this activity predominates in the anterior
midgut, where approximately 2/3 of all the activity is concentrated
(Fig. 3(a). A similar pattern was observed using glycogen as a sub-
strate (data not shown). All of the amylolytic activity measured in
the present article can be attributed to the larvae; whereas the
amylolytic activity of the larvae is higher at pH 8.5 (its optimum
pH), that of the fungi obtained from the rearing pots is higher at
pH 6.5. Two soluble enzymes were responsible for the amylolytic
activity observed in the midgut of the larvae (Fig. 3(b) and
Fig. 4(a). The apparent molecular masses of these two enzymes
were 103 and 45 kDa. It was not possible to determine the
molecular mass of the a-amylase using gel ﬁltration because of a
non-sieving interaction between the enzyme and the resin used
for the chromatography.
The optimum pH for a-amylase activity (pH 8.5) is in accor-
dance with the pH observed in the lumen of the anterior midgut
(Fig. 1), the site where the enzymes predominates (Fig. 3(a). The
a-amylolytic activity depends signiﬁcantly on chloride ions, reach-
ing its maximal activity when the chloride concentration is
approximately 10 mM (Fig. 5). In the absence of chloride, no amy-
lolytic activity was observed. The apparent dissociation constant of
the chloride ion from the amylases was 1.8 ± 0.2 mM (mean pluspH ≥ 9 
   AM 
pH ≥ 6.5 
   PM 
pH gradient 
0.5 mm 
AM 
He E 
P 
Fig. 1. Gut anatomy of Lutzomyia longipalpis larvae and the pH gradient along the midgut
at the end. He, head; E, esophagus; P, proventriculus; AM, anterior midgut; PM, posteriSEM). Under the assay conditions, the amylolytic activity was not
inﬂuenced by Ca2+ (data not shown).
The products formed by the action of midgut amylases on
starch molecules were analyzed using thin-layer chromatography
(TLC). This reaction generated molecules such as maltose and other
saccharides with high molecular masses as products (Fig. 6). The
degree of multiple attack or processivity measured using the crude
preparation containing the two a-amylases on the starch was 1.6.
This value signiﬁes that the larval amylolytic apparatus generates
products of relatively high molecular mass. This result is in accor-
dance with that obtained using TLC (Fig. 6).
Fig. 7(a) shows the activity of the larval amylases on starch
over time. The activity increases over time and becomes some-
what constant after 20–30 min. Conversely, the rate of glycogen
hydrolysis is nearly constant throughout the reaction
(Fig. 7(b).
The use of starch or glycogen as a nutrient source requires the
action of another enzyme to complete the digestion of starch to
form glucose. This enzyme, called a-glucosidase, catalyzes the
digestion of maltose and other a-1,4-linked oligosaccharides that
are produced by amylase (Terra and Ferreira, 1994). As expected,Pi 
Hi 
PM 
lumen. The pH in the midgut varies fromP9 at the beginning of the midgut toP6.5
or midgut; Pi, pylorus; H, hindgut.
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Fig. 3. (a) Anatomical localization of the amylolytic activity. Fourth instar L.
longipalpis larvae were dissected, and the gut was divided into 3 parts (anterior
midgut, AM; posterior midgut, PM; and hindgut, H). After incubation (1 h at 30 C),
the reduction products generated by starch hydrolysis were assayed using the
dinitrosalicylic acid method (Section 2.2.1). The experiment was performed in
triplicate and repeated independently at least three times. The graphics represent
the mean ± SD of the three experiments. (b) Characterization of the a-amylase as a
soluble or membrane-bound enzyme. Soluble (luminal content) and adhered
enzymes (wall) were obtained from the midgut of the larvae as explained in
Section 2.2.3. After incubation (1 h at 30 C), the reduction products generated by
starch hydrolysis were assayed using the dinitrosalicylic acid method (Sec-
tion 2.2.1). The experiment was performed in triplicate and repeated independently
at least three times. The graphics represent the mean ± SD of the three experiments.
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homogenate of the larvae of L. longipalpis using maltose as a sub-
strate. Unlike the a-amylase activity, the a-glucosidase activity
predominates in the posterior midgut (Fig. 8(a), where it is associ-
ated with the gut wall (Fig. 8(b). When microvillar membranes
were puriﬁed from the midgut, the a-glucosidase activity was
enriched. The speciﬁc activity of this enzyme measured using p-
Np-a-D-glucopyranoside as a substrate increased approximately
10 times relative to that of the crude material. Fig. 9 shows the
hydrolytic activity of larval midguts with the natural substrates
maltose, trehalose, and sucrose and the synthetic substrate p-Np-
a-D-glucopyranoside at various pHs. According to the results
shown in Fig. 9, the a-glucosidase activity with p-Np-a-D-glucopy-
ranoside as a substrate remained high over a wide pH range (pH
5.5–7.5). The pH of the posterior midgut (Fig. 1) is consistent with
the pH required for the a-glucosidase activity. According to the
data obtained using gel ﬁltration chromatography, the a-glucosi-
dase responsible for the hydrolysis of the synthetic substrate
p-Np-a-D-glucopyranoside and maltose has an apparent molecular
mass of 60 kDa (Fig. 4(b). As observed in adult specimens of
Phlebotomus langeroni (Dillon and El-Kordy, 1997), the larval
a-glucolytic activity was inhibited by 86 ± 2% upon addition of
60 mM Tris.The number of carbohydrases capable of hydrolyzing oligosac-
charides presenting a-1,4 glucosidic linkages that are present in
the gut of the larvae is unknown but, the activity proﬁle presented
in the Fig. 4(b) is evidence of a single isoform, unless two or more
isoforms of a-glucosidase have the same molecular mass. The
enzyme trehalase, which has a narrow range of optimum pH
(5.5–6.5) predominates in the posterior midgut (Fig. 10(a) and
appears to be attached to the microvilli (Fig. 10(b). The speciﬁc
activity of trehalase measured in puriﬁed microvilli using trehalose
as substrate increased by approximately 8 times relative to that of
the crude material.
We could not measure any activity from the midgut homoge-
nate when using isomaltose, a disaccharide composed of two
glucose residues connected by an a-1,6 glycosidic linkage, as a sub-
strate. Despite the lack of activity with isomaltose, the digestion of
glycogen and amylopectin implies the disruption of the branches
formed by a-1,6 linkages. Dextran, a polysaccharide produced by
some microorganisms and that consists of glucose residues con-
nected by a-1,6 glycosidic linkages, with some branches beginning
from a-1,3 linkages, was not digested by the larvae in our assay
conditions.
Cellulose, a polysaccharide commonly present in the detritus in-
gested by the larvae, apparently cannot be digested by the larvae.
According to our results, carboxymethyl cellulose, a soluble variant
of cellulose,was not perceptively digested by the gut homogenate of
the L. longipalpis larvae (data not shown). Accordingly, the homoge-
nate was practically unable to hydrolyze the synthetic substrate
p-Np-b-D-glucopyranoside in our assay conditions (Table 1).
The activities of several other glycoside hydrolases were
screened in the larval midgut using p-Np-derived substrates. The
activities of the soluble and membrane-bound enzymes are pre-
sented in Table 1 at both pH 6 and 8.5. According to the results pre-
sented in Table 1, only the substrates p-Np-a-D-glucopyranoside
and p-Np-N-acetyl-b-D-glucosaminide were markedly hydrolyzed
by midgut-associated enzymes under the assay conditions. These
activities could be attributed to the enzymes a-D-glucosidase and
N-acetyl-b-D-hexosaminidase. This N-acetyl-b-D-hexosaminidase
might be part of a chitinolytic system. Similar to the a-glucosidase
and trehalase, the N-acetyl-b-D-hexosaminidase was also present
in puriﬁed microvilli. The speciﬁc activity of this enzyme measured
in puriﬁed microvilli using p-Np-N-acetyl-b-D-glucosaminide as a
substrate increased approximately 6 times relative to that of the
crude material. Traces of activity using p-Np-N-acetyl-b-D-galac-
tosaminide, p-Np-b-D-galactopyranoside and p-Np-a-D-mannopy-
ranoside were also observed.4. Discussion
Considering the results obtained in the present study, it is pos-
sible to infer that the enzymatic apparatus of the larvae is espe-
cially appropriate for the digestion of polysaccharides such as
starch or glycogen, which are comprised principally of glucose res-
idues linked by a-1,4 glycosidic linkages. The enzymes responsible
for initialization of digestion are two soluble a-amylases (EC
3.2.1.1) that are likely produced in the anterior midgut. The normal
molecular mass of a-amylases in insects varies from 28 to 87 kDa
(Terra and Ferreira, 1994). In our study, the largest isoform
encountered in the larvae presented an unusual molecular mass
(103 kDa). Accordingly, digestive enzymes presenting high
molecular masses, such as an endo-protease of 102 kDa, have been
reported previously in L. longipalpis larvae (Fazito do Vale et al.,
2007). These results indicate that molecules with high molecular
masses could bypass the peritrophic membrane of L. longipalpis
larvae. The other isoform, with a molecular mass of 45 kDa, is
within the expected molecular mass range.
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Fig. 4. Determination of the molecular mass of the a-amylase and a-glucosidase. (a) The molecular mass of the a-amylase was evaluated using an SDS–PAGE-renaturation-in
gel assay (Section 2.4). The total homogenate was subjected to SDS–PAGE electrophoresis. The gel was washed in the renaturant solution and placed under a second gel that
was copolymerized with starch. After incubation at 30 C for 12 h, the bands were developed with Lugol. (b) Gel ﬁltration chromatography (HPLC) was used to calculate the
molecular mass of the a-glucosidase (Section 2.4). The fractions collected were tested for a-glucosidase activity using p-Np-a-D-glucopyranoside as substrate.
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Fig. 5. Amylase activation by chloride. To investigate the inﬂuence of chloride ions
on the amylase, the total midgut homogenate was incubated at 30 C for 1 h with
different concentrations of NaCl in 50 mM HEPES (pH 8.5) and with 0.5% starch as a
substrate (Section 2.2.4). The reduction products generated by starch hydrolysis
were assayed using the dinitrosalicylic acid method (Section 2.2.1). The experiment
was performed in triplicate and repeated independently at least three times. The
bars represent the standard deviation of the mean. Fig. 6. TLC analysis of starch digestion products. After the incubation of the
reaction mixture for different periods of time, the products of starch hydrolysis
were applied to a silica gel plate. The chromatography was performed as
described in Section 2.2.6. Standard sugars, glucose and maltose, were applied in
the lanes 1 and 2 respectively. Lane 3 indicates starch in the absence of midgut
sample. The lanes 4–7 refer to the digestion products produced at zero, 1.5, 3,
and 6 h respectively.
1320 V.F. Vale et al. / Journal of Insect Physiology 58 (2012) 1314–1324The observed dependence of the larval a-amylase on chloride
ions, as observed in this study (Fig. 5), is shared by the amylases
of all animals including invertebrates (D’Amico et al., 2000). Some
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Fig. 7. Kinetics of starch and glycogen digestion. The total midgut homogenate
containing the intestinal amylase was incubated for 10, 20, 30, 40 and 60 min at
30 C in 50 mM HEPES (pH 8.5) containing 50 mM NaCl and 0.5% starch (a) or
glycogen (b) as a substrate. The reducing carbohydrates released from the
substrates were quantiﬁed using the dinitrosalicylic acid method (Section 2.2.1).
The experiment was performed in triplicate and repeated independently at least
three times. The bars represent the standard deviation of the mean.
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Fig. 8. Anatomical localization and adherence of the a-glucosidase to the midgut
wall. (a) To determine the anatomical localization of the a-glucosidase, homoge-
nates from the anterior midgut (AM), the mid midgut (MM), the posterior midgut
(PM) and the hindgut (H) were prepared (Section 2.3.3). The samples were
incubated for 2 h at pH 6.5 and 30 C using maltose as a substrate. The reaction was
stopped in boiling water, and glucose molecules released from maltose were
evaluated using a commercial kit based on the glucose oxidase–peroxidase method
(Section 2.3.2). (b) To determine the solubility or adherence of the a-glucosidase,
the midguts were dissected, and their content, containing soluble enzymes, was
separated from the midgut wall (Section 2.2.3). The walls were washed and
transferred to 0.9% saline containing 1% Triton X-100 to release enzyme molecules
from the midgut cells. After centrifugation (14,000g, 10 min, 4 C), both samples
(soluble and midgut wall extract) were assayed using maltose as a substrate
(Section 2.3.2). Both experiments (a) and (b) were performed in triplicate and
repeated independently at least three times. The graphics represent the mean ± SD
of the three experiments.
V.F. Vale et al. / Journal of Insect Physiology 58 (2012) 1314–1324 1321bacterial a-amylases do not require Cl, but studies based on the
sequence of many enzymes, including bacterial enzymes, indicates
that chloride dependence is an ancestral characteristic (D’Amico
et al., 2000). In our study, the addition of Ca2+ to the assay mixtures
had no inﬂuence on the enzyme activity. Despite this result, the
importance of Ca2+ to stabilize the enzyme cannot be discarded.
It is likely that all a-amylase molecules in our assays had a bound
Ca2+ ion. This conclusion can be inferred from the high afﬁnity
(from 107 to 1011 M) for Ca2+ that is usually presented by a-amy-
lases (D’Amico et al., 2000).
When incubated with the total midgut homogenate, the rate of
starch hydrolysis increased substantially over time (Fig. 7(a). This
result suggests that partially digested starch molecules are better
substrates for the a-amylolytic apparatus of the larvae. The TLC re-
sults of the starch digestion products indicate that relatively large
products predominate and are mixed with some oligosaccharides
(Fig. 6). Processivity, or multiple attack, occurs when an enzyme
remains attached to the substrate while performing multiple
rounds of catalysis. In the case of the L. longipalpis a-amylase, a
processivity of 1.6 indicates that the enzyme is capable of a second
hydrolytic event in only 60% of the a-amylase-starch complexes.
This low processivity is in accordance with the presence of the high
molecular mass products observed in the TLC (Fig. 6). These data
conﬁrm that the digestive a-amylases encountered in the larvae
are endo-a-amylases that can be classiﬁed as members of the EC
3.2.1.1 family.
The capacity to digest glycogen molecules is also expected in
detritivorous insects because glycogen is the reserve carbohydratenormally encountered in the fungi that are generally present in
decaying materials in the soil. In fact, the L. longipalpis larvae pre-
sented an enzymatic apparatus capable of efﬁciently digesting this
polysaccharide (Figs. 2 and 7(b). In contrast to that of starch, the
rate of digestion of glycogen by the midgut homogenate was nearly
constant over time (Fig. 7(b). This result is likely a consequence of
the higher number of branches composed of a-1,6 glucose residues
in the glycogen molecule. An effective digestion of glycogen prob-
ably requires the action of a debranching enzyme to hydrolyze the
a-1,6-glycosidic linkage at the branch point and release of a linear
a-1,4 glucose polymer that could then be hydrolyzed by the a-
amylase. A glycogenolytic system like this was proposed for the
bacteria Bacillus subtilis (Shim et al., 2009). To search for an enzyme
capable of hydrolyzing the a-1,6 linkages present in glycogen, we
performed an assay using isomaltose (Glu-a-1,6-Glu) as a
substrate at pH 6.5. According to our results, the L. longipalpis lar-
vae were ineffective at hydrolyzing this disaccharide or dextran
molecules, a glucose polymer formed by glycosidic a-1,6 linkages
with ramiﬁcations of the a-1,3-type linkages. An efﬁcient debran-
ching activity could be detectable only using substrates containing
a-1,6-glycosidic residues bound to linear a-1,4 glucose polymers.
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Fig. 9. Relative hydrolytic activity of the total midgut homogenate versus pH. The
midgut homogenate prepared with Triton X-100 to solubilize the membrane-bound
enzymes was incubated for 1 h at 30 C with different substrates at different pHs. In
the preparations containing the synthetic substrate p-nitrophenyl-a-D-glucopyran-
oside, the reactions were stopped after incubation by the addition of glycine buffer
(pH 10.5), and the absorbance at 400 nm was measured in 1 mL cuvettes
(Section 2.3.6). When disaccharides (maltose, trehalose or sucrose) were used as
the substrates, all preparations were inactivated by incubating the tubes in boiling
water. The number of glucose molecules released during the incubation period was
measured using a commercial kit for glucose dosage. The absorbance was measure
at 505 nm in 1 mL cuvettes (Section 2.3.2). The experiment was performed in
triplicate and repeated independently at least three times.
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Fig. 10. Anatomical localization and adherence of the trehalase to the midgut wall.
(a) To determine the anatomical localization of the trehalase, homogenates from
the anterior midgut (AM), the middle midgut (MM), the posterior midgut (PM) and
the hindgut (H) were prepared with 0.9% saline containing 1% Triton X-100
(Section 2.3.3). The samples were incubated for 2 h at pH 8.5 and 30 C using
trehalose as a substrate. The reaction was stopped in boiling water, and the glucose
molecules released from trehalose were evaluated using a commercial kit based on
the glucose oxidase–peroxidase method (Section 2.3.2). (b) To determine the
solubility or adherence of the trehalase, the midguts were dissected, and their
content, containing soluble enzymes, was separated from the midgut wall
(Section 2.2.3). The walls were washed and transferred to 0.9% saline containing
1% Triton X-100 to release enzyme molecules from the midgut cells. After
centrifugation (14,000g, 10 min, 4 C), both samples (soluble and midgut wall
extract) were assayed using trehalose as a substrate (Section 2.3.2). Both exper-
iments (a) and (b) were performed in triplicate and repeated independently at least
three times. The graphics represent the mean ± SD of the three experiments.
1322 V.F. Vale et al. / Journal of Insect Physiology 58 (2012) 1314–1324In nature, this debranching activity may be performed by debran-
ching enzymes such as those produced by some bacteria or plants
(Zhu et al., 1998; Delatte et al., 2006; Shim et al., 2009; Bijttebier
et al., 2010). How L. longipalpis larvae address branched substrates
is a problem to be solved in the future.
The ﬁnal digestion of the oligosaccharides generated by the
hydrolysis of starch and glycogen molecules can be attributed to
an a-glucosidase. This enzyme predominates in the posterior mid-
gut and is associated with the midgut wall (Fig. 8). More speciﬁ-
cally, this enzyme is bound to the microvilli of the enterocytes.
From this site, the a-glucosidase can digest products of starch
hydrolysis such as maltose, maltotriose and other oligosaccharides
with high molecular masses. Adhesion to the midgut wall main-
tains the enzyme in the appropriate anatomical site despite the
counter-ﬂow mechanism, presumably present in most insects,
which could be responsible for the reutilization of the soluble
digestive enzymes such as the a-amylase and others (Terra and
Ferreira, 1994; Fazito do Vale et al., 2007). The posterior midgut
is the correct site for a-glucolytic activity because this enzyme
requires a neutral or acidic environment (Fig. 9). In addition, starch
and other polysaccharides must ﬁrst be pre-digested in the
anterior midgut to generate the substrates to be digested by the
a-glucosidase in the posterior midgut.
Recently, Moraes et al. (2012) reported the presence of two
peaks of a-glucosidase activity in L. longipalpis larval midgut by
using gel ﬁltration chromatography. One of these peaks was eluted
as an enzyme of 66 kDa, a molecular mass similar of that found in
the present work (Fig. 4(b). The authors also reported the presence
of a peak corresponding to a high molecular mass (>200 kDa).
According our results, this peak was eliminated by the use of deter-
gent in the chromatography.
When under stress, soil microorganisms such as some fungi or
bacteria generally produce high concentrations of trehalose. In
high concentrations, this disaccharide can protect proteins and cel-
lular membranes from denaturation or injuries caused by extremetemperatures, desiccation and other factors (Elbein et al., 2003).
Consequently, detritivorous larvae may be prepared to use this
type of nutrient. In fact, L. longipalpis larvae promptly digest treha-
lose with one enzyme adhered to the midgut wall (Fig. 10(b) where
it is bound to the microvilli of the enterocytes. The presence of a
trehalase with an optimum pH of 6 can be inferred from the data
presented in Fig. 9. The activity upon trehalose decreases consider-
ably at more alkaline pHs. In contrast, the a-glucolytic activity
with maltose, sucrose and p-Np-a-D-glucopyranoside is nearly
constant from pH 5.5 to 8 (Fig. 9). Considering that in insects, tre-
halases are the only enzymes capable of hydrolyzing the disaccha-
ride trehalose (Terra and Ferreira, 1994), it is reasonable to infer
the presence of an intestinal a-glucosidase and a trehalase in the
midgut of the L. longipalpis larvae.
Although there is no deﬁnitive proof concerning this subject,
fungi should be considered one of the main sources of nutrients
for the phlebotomine larvae. This idea is in accordance with the
results presented by Moraes et al. (2012) as well as in the pres-
ent study. The N-acetyl-b-D-hexosaminidase inferred by the
hydrolysis of the p-Np-N-acetyl-b-D-glucosaminide substrate is
Table 1
Screening for intestinal glycosidases using p-nitrophenyl-derived substrates.
Substrate pH Activity bounded to the midgut wall (mU.insect1) Soluble activity (mU.insect1)
p-Nitrophenyl-a-D-glucopyranoside pH 6.0 2.169 ± 0.417 0.084 ± 0.004
pH 8.5 0.932 ± 0.171 0.048 ± 0.007
p-Nitrophenyl-b-D-glucopyranoside pH 6.0 0.004 ± 0.004 0.000 ± 0.000
pH 8.5 0.004 ± 0.007 0.000 ± 0.000
p-Nitrophenyl-a-D-mannopyranoside pH 6.0 0.019 ± 0.007 0.019 ± 0.004
pH 8.5 0.009 ± 0.004 0.016 ± 0.024
p-Nitrophenyl-b-D-mannopyranoside pH 6.0 0.002 ± 0.002 0.004 ± 0.007
pH 8.5 0.002 ± 0.002 0.002 ± 0.002
p-Nitrophenyl-a-D-galactopyranoside pH 6.0 0.000 ± 0.000 0.000 ± 0.000
pH 8.5 0.000 ± 0.000 0.000 ± 0.002
p-nitrophenyl-b-D-galactopyranoside pH 6.0 0.050 ± 0.009 0.002 ± 0.002
pH 8.5 0.002 ± 0.002 0.002 ± 0.002
p-Nitrophenyl-N-acetyl-b-D-glucosaminide pH 6.0 0.273 ± 0.147 0.007 ± 0.009
pH 8.5 0.004 ± 0.00 0.000 ± 0.000
p-Nitrophenyl-N-acetyl-b-D-galactosaminide pH 6.0 0.086 ± 0.019 0.033 ± 0.026
pH 8.5 0.009 ± 0.007 0.002 ± 0.002
p-Nitrophenyl-a-L-fucopyranoside pH 6.0 0.012 ± 0.002 0.000 ± 0.000
pH 8.5 0.007 ± 0.002 0.002 ± 0.002
p-Nitrophenyl-b-L-fucopyranoside pH 6.0 0.007 ± 0.002 0.007 ± 0.009
pH 8.5 0.002 ± 0.002 0.002 ± 0.002
p-Nitrophenyl-b-D-fucopyranoside pH 6.0 0.012 ± 0.002 0.000 ± 0.000
pH 8.5 0.004 ± 0.002 0.000 ± 0.000
p-Nitrophenyl-a-D-xylopyranoside pH 6.0 0.000 ± 0.000 0.000 ± 0.000
pH 8.5 0.000 ± 0.000 0.000 ± 0.000
p-Nitrophenyl-b-D-xylopyranoside pH 6.0 0.002 ± 0.002 0.004 ± 0.007
pH 8.5 0.000 ± 0.000 0.000 ± 0.000
p-Nitrophenyl-a-L-arabinopyranoside pH 6.0 0.002 ± 0.002 0.009 ± 0.002
pH 8.5 0.000 ± 0.000 0.002 ± 0.002
p-Nitrophenyl-b-L-arabinopyranoside pH 6.0 0.009 ± 0.007 0.004 ± 0.002
pH 8.5 0.000 ± 0.000 0.004 ± 0.007
p-Nitrophenyl-b-D-glucuronide pH 6.0 0.012 ± 0.009 0.004 ± 0.002
pH 8.5 0.000 ± 0.000 0.000 ± 0.000
Soluble and membrane bound carbohydrases from the midgut of L. longipalpis’ larvae were assayed with p-nitrophenyl-derived substrates in pH 6 or 8.5. One unit (U) of
enzyme activity was deﬁned as the amount of enzyme capable to produce 1 lmol of p-Nitrophenol.min1 in the assay conditions. Activity was expressed as mU.insect1. See
Section 2.3.1 for more details.
V.F. Vale et al. / Journal of Insect Physiology 58 (2012) 1314–1324 1323likely part of a chitinolytic apparatus used by the larvae to digest
the cellular wall of the fungi. To be effective, this chitinolytic
apparatus requires the presence of a soluble chitinase that
should be produced preferentially in the anterior midgut. The
role of the N-acetyl-b-D-hexosaminidase (such as that associated
with the midgut wall, see Table 1) should be to ﬁnalize the
digestion of the chitin by acting on the oligosaccharides gener-
ated by this putative chitinase. Alternatively, this enzyme could
be involved in glycoprotein digestion. Although we have not
investigated the presence of the chitinase mentioned above, this
enzyme seems to act in the midgut of L. longipalpis larvae, since
the ﬂuorogenic substrate 4-methylumbelliferyl-b-D-N0,N00,N000-
triacetyl-chitotrioside was hydrolyzed by the midgut extract
(Moraes et al., 2012).
In the present study we have explored the carbohydrate
digestion by L. longipalpis larvae. Taken together, the data pre-
sented here show an overview of how polysaccharides as starch
or glycogen are digested in the anterior midgut of the larvae
and the products generated, hydrolyzed by membrane-bound
enzymes in the posterior midgut. We expect in the next step
of the study to investigate how the composition of the larval
diet could modulate the production of different digestive carbo-
hydrases. In addition, it would be interesting to purify and
characterize the a-amylases and the other enzymes inferred
herein by their activities to improve our knowledge of their
properties.
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